A windowless He discharge was used to produce metastable singlet He(2 1 S) by the photolysis process He(US) + 58.4 nm^He(2 1 P) and He(2 1 P)-^He(2 1 S) + 2058 nm. Metastable He(2 1 S) were found to transfer their energy to Ne to populate the Ne 5s, 5s', 4d, 4d', 3d, and 3d' states. In the present work the detailed relative population of these states and their rates of population are determined.
Introduction
The excitation transfer between metastable He and ground state Ne atoms has been previously recognized to be of fundamental importance to the generation of laser radiation in neon-helium systems [1] . Although electronic energy transfer reactions have been investigated for many years, a full characterization of the product states in the reactions of metastable He(2 3 S) and He^S) with Ne has not been achieved [2] .
Previously, metastable He atoms have been produced by electron impact [3, 4] and by the afterglow discharge technique [5] . These methods yield either a mixture of triplet and singlet metastable He [3, 4] or triplet metastable He alone [5, 6] , but the exclusive generation of He(2 1 S) appears to be difficult. In the present spectroscopic study we report a method for the generation of metastable singlet He and we infer a detailed product analysis for the reaction He(2iS) + Ne(l x S) -»Ne* + He^S) (1) from extensive emission spectra of Ne. In order to facilitate the understanding of the following sections a simplified energy level diagram of Ne [7] is displayed in Figure 1 .
Experimental
The experimental method and procedure has been described in the preceding paper [8] and no details will be given here. Briefly, a windowless microwave discharge in He is used to irradiate mixtures of He Reprint requests to Prof. Dr. F. Stuhl, Physikalische Chemie I, Ruhr-Universität Bochum, Postfach 102148, D-4630 Bochum 1, West Germany.
and Ne in a flow system. The spectral emissions from this system were monitored by a monochromator using a photomultiplier and photon counting.
The temperature of the gas in the flow tube was estimated from the rotational distribution of the N2 + (B-»X) emission to be less than 390 K. This emission also indicates that air was always present in the flow system at a pressure of about 5 mTorr. 
Results
A large number of emission lines and several emission bands were observed in the flow tube with the discharge in position A (see Fig. 1 in [8] ). Relatively weak emission bands from excited CO + , C02 + and N2 + ions and several lines from excited 0 and H atoms are still present when Ne is absent and are therefore considered to be caused by impurities in the flow system. Although the discharge region could not be viewed directly from the monochromator, several emission lines from He states of up to 195269 cm -1 excitation energy were observed. In the absence of Ne, the intensities of these He lines slightly decreased by 6 to 9% for the addition of 0.1 Torr He through inlet (c).
Upon addition of small amounts of Ne to the flow system through inlet (c), about 270 additional emission lines were observed in the wavelength range from 270 to 890 nm. All these observed emissions were identified by their corresponding Ne transitions [9] . Some experiments were performed with the discharge in position B and using inlet (b) for He (see Fig. 1 in [8] ). With this position the intensities of the Ne emissions decrease by more than a factor of 40. In these experiments, light from the discharge could not irradiate the flow system directly. In another experiment, the emission intensities were found to be independent of the flow direction of He. Hence the presence of reactive species in the effluence of the He discharge cannot be a major cause for the Ne emissions observed.
As an example for the dependence of the Ne intensities on the pressure of Ne, Fig. 2 shows the pressure dependence of the Ne emission at 632.82 nm for the transition (5s'(l/2) 1->3p'(3/2)2) [10] . All the other Ne emissions exhibit the same dependence. In these runs which were performed at a constant pressure of 0.9 Torr He the intensities of the Ne emissions increase rapidly upon the addition of small amounts of Ne until a nearly constant intensity is reached at about 0.07 Torr Ne. Also included in Fig. 2 Strong emission intensities (25 10% of the strongest Ne fine at 640.23 nm) are found to originate from the 4d, 5s', 3d', 3d, 3p',and 3p levels; weaker lines (intensities between 1% and 10% of the strongest line) are emitted from the 6d, 5d, 4d', 5s, 4p', and 4p levels; and very weak lines (intensities between 0.01% and 1% of the strongest line) are emitted from the 8s', 8s, 7d, 7p, 7s, 7s', 6d', 6p', 6p, 6s', 6s, 5d', 5p', and 5p levels. Figure 3 summarizes the relative emission intensities observed in the wavelength range from 200 nm to 890 nm. In this figure, the sums of the observed intensities from all sublevels of a given quantum number nl oder nl' are displayed on a logarithmic scale as a function of excitation energy. Also included in this figure are the positions of the energy levels of the He states (2!P), (2^), (2 3 P), and (2 3 S). It should be noted that this data in Fig. 3 does not represent all the emissions occuring in the investigated reaction system because of the limited wavelength range studied. For example, all the emission lines of the transitions (4s, 4s'-»3p, 3p') and some of the lines of the transitions (3d, 3d'->3p, 3p') lie in the IR region outside the observed wavelength range. Figure 3 shows that the majority of the emissions is generated by transitions from the 3p, 3p', from the 3d, 3d', and from the 5s, 5s' and 4d levels. A plausible mechanism for the population of these energy levels will be discussed later. It should be noted that above an excitation energy of 167051 cm -1 (4d levels) only weak emissions are generated up to an Ne excitation energy of 172264 cm-i (8s' levels).
Discussion
The energy transfer from metastable He atoms to Ne is known to be responsible for the generation of laser emissions in the He-Ne laser system and in a number of studies the corresponding energy transfer reactions have been investigated [2, 11 -15] .
The experimental system applied to produce Ne emissions in the present work is similar to the windowless He discharge system previously used by Back and Walker [16, 17] to study the photo- state [11, 16] . At the He pressures used the resonantly excited He(2 1 P) atoms most likely decay to the metastable He(2!S) state mainly by radiation after a lifetime of 5.3 X IO" 7 s [19] . We therefore propose the following excitation mechanism to occur in the present flow system:
He(2 1 P) -> He(2 1 S)
He(2 1 S) + Ne(l 1 S) ^Ne* + He(liS).
Support for the presence of metastable He (2 1 S) atoms is obtained by the data displayed in Figure 2 .
Namely, the marked decrease of the scattered light intensity of the He(3 1 P-»2 1 S) emission at 501.57nm
in Fig cannot be generated and only light scattered at the walls of the flow system is detected. Furthermore, from the nearly constant He intensities at 728.13, 587.56, and 388.86 nm in Fig. 2 it can be inferred that no resonance fluorescence emission of the He(2 1 P), (2 3 P), and (2 3 S) states is observed.
From the intensities and the corresponding transi-tion probabilities [21] for these four scattered emission lines, we estimate the sensitivity for the fluorescence detection of He(2 1 P), (2 3 S), and (2 3 P) to be not lower than that of He(2 1 S). On this basis the concentrations of excited He produced in the (2^), (2 3 S), and (2 3 P) states are at least one order of magnitude lower than the concentration of metastable singlet He(2 1 S). Moreover, the shape of the curves of both the 501.6 nm He and the Ne intensity in Fig. 2 can be quantitatively understood by the competition of Ne with residual air (at about 5 mTorr) for the reaction with He(2 1 S).
The presence of metastable singlet He atoms as a major light producing species can be also inferred from the observed intensity distribution of the Ne emissions displayed in Figure 3 . This figure clearly demonstrates that, to a major extend, cascading of radiation originates in the Ne(4d, 5s', 5s) states. These states are almost in resonance with the He(2 1 S) state. Figure 3 furthermore shows that Ne states with higher energies than that of the 4d states are populated. The emission intensities from these states, however, are one to four orders of magnitude lower than the intensity from the 4d states. It is interesting to note that of all these highly excited Ne states the d and d' states generally emit much stronger than the other states and that the p and p' states generally emit very weakly. Moreover, the emission intensity decreases remarkably above the energy of excitation of He(2 1 P). It therefore appears to be likely that these states are excited by resonantly trapped He(2 1 P) atoms. Whether He(2 1 P) is the only source of excitation for these highly excited Ne states cannot be decided here and the population of these weakly populated Ne states will not be further discussed.
The relative population of the individual 4d', 4d, 5s', 5s, 4p', 4p, 3d', and 3d states was calculated using the observed relative intensities and the corresponding previously calculated transition probabilities [22] [23] [24] [25] [26] . Usually, for the calculation of the population of each neon state, one of the strongest line of its emission array was used. However, care was taken that no emission line above 850 nm was used because of the uncertainty in the optical sensitivity at these wavelengths. Furthermore, lines which coincide with other lines were avoided. [14, 27, 28] . These values are shown in Table 1 . There is general agreement that the 5 s'(1/2)1 state is dominantly and that the 5s'(l/2)0 state is barely populated [14, 27, 28] . Furthermore each of the 5 s states contains about 10% of the population of the 5s'(l/2)l state [28] . This distribution has been extensively discussed previously [11, 14, 15] , and here we will rather emphasize the distribution observed in the 4d', 4d, 3d, and 3d' states.
Previously, it has been assumed that the 4d states are populated by energy transfer from the He(2 3 Po,i,2) states [11, 29] . Recently, using atomic beam technique and time of flight measurements, the production of Ne(4d) states has been observed in an investigation of the energy dependence of Reaction (1) [15] . Although, because of lack of energy resolution, no detailed population distribu-tion has been obtained in those experiments the present results confirm those of the beam study. Namely, under the conditions of the present study, all the 4d states together contain about one third of the population of the 5s'(l/2) 1 state. The distribution in the 4d states is very different from that in the 5 s' states. While the population in the 5 s' states varies by a factor of 200 the population in the 4d states differs by no more than one order of magnitude. It should be noted that the 4d state with the largest population is the 4d(7/2)4 state which lies 730.3 cm -1 above the He(2 1 S) state and 32.4 cm -1 above the lowest 4d state. Table 2 summarizes the population distribution observed for the 4p', 4p, 3d', and 3d states. As will be calculated later the 4p' and 4p states are dominantly populated by transitions from the 5 s', 5 s, 4d', and 4d states. The 3d and 3d' states, however, are most likely generated directly in Reaction (1) as will be discussed later.
The high population of the nearly resonant 5 s', 5 s, and 4d states implies that these states are products of different channels of Reaction (1). In Table 2 . Relative population of excited Ne in the 3d, 3d' and 4p, 4p' states.
State
Energy (cm -1 )
Relative population 3d' (3/2) l a 3d' (3/2) 2 3d'(5/2) 3 3d' (5/2)2 3d (5/2) 3 3d (5/2) 2 3d (3/2) 1 3d (3/2) 2 3d (7/2) 3 3d (7/2) 4 3d order to estimate the relative rates of these reaction channels we have determined the relative fluxes of the radiation cascade originating in these states. Under the assumption of negligible quenching of the excited neon by ground state helium and under the assumption of complete trapping of the radiation from those Ne states which are radiatively connected with the ground state, the radiative flux can be taken as a direct measure for the rate of population. These assumptions seem to be valid since He is generally found to be an inefficient quencher. Furthermore, the radiative lifetime of the observed Ne states are close to 10 -7 s. Thus, it seems to be unlikely that quenching by He competes efficiently with radiative deexcitation in the present system. Radiation trapping in Ne has been commonly accepted for He-Ne laser systems [11, 28] and hence transitions to the Ne ground state are not likely to reduce the cascading radiation significantly. Table 3 summarizes the relative radiative fluxes from the Ne 5s', 5s, 4d, and 4d' levels. The sum of the relative intensities (relative number of photons per area and time) of all emission lines from a a All the corresponding transitions to the 3p and 3p' states were observed. b All the corresponding radiative fluxes were calculated using the relative population of Table 1 and the transition probabilities of Ref. [24] for the 5s' and 5s states and of Ref. [22] for the 4d' and 4d states.
given Ne state is taken as a measure for the flux from this state. It should be noted in Table 3 that all the emissions of the transitions to the 3p and 3p' states were observed while the corresponding emissions to the 4p and 4p' states lie in the IR and, hence, their intensities had to be calculated. This was done using the relative population distribution of Table 1 and known transition probabilities [22, 24] . Included in Table 3 are recent data [14] of relative cross sections for the formation of Ne in the 5 s, 5 s' states. A comparison of this data with the present values of the corresponding fluxes reveals significant differences which might be caused by the different reaction energy (broad energy spread around 60 meV) used in this beam experiment [14] . Table 3 clearly shows that the most dominant channel of Reaction (1) leads to the population of 5s'(l/2)l. Furthermore, there are two Ne 4d levels which are almost as efficiently formed as the two 5s levels, namely 4d(7/2)3 and 4d(7/2)4. On the average a 4d and a 4d' level becomes 20 times and 200 times less efficiently populated than the 5 s'(1/2)1 level. This decreased average population rate for these upper Ne states roughly corresponds to the increased endothermicity of the formation of the 4d and 4d' states in Reaction (1). It should be noted, however, that the individual 4d and 4d' energy levels are not at all populated according to their energetic positions and hence a particular selection mechanism must exist.
The observed intensities shown in Fig. 3 indicate that also the 3d' and 3d states are populated very efficiently. The radiative fluxes from the individual 3d' and 3d states were therefore determined using the observed emission intensities. Since a few lines of the (3d->3p, 3p') arrays emit in the near infrared their intensities were calculated using known transition probabilities [26] . This correction amounted to a small overall increase of 9% in the flux from the 3d levels. The relative radiative fluxes from the 3d' and 3d levels are listed in Table 4 .
The fluxes of radiation created in the 4d', 4d, 5s', 5s, 3d', and 3d states cascade down via the 4p', 4p, 3d', 3d, 4s', 4s, 3p', and 3p states to the 3 s and 3 s' states. The relative intensities (fluxes) of this radiation cascade are summarized in Table 5 . Several values of this table were calculated using the population distribution given in Table 1 and 2 Almost all the corresponding emissions were observed. A correction is applied for some IR emission lines using the data of Table 2 and transition probabilities of Ref. [26] .
and known transition probabilities [22, 23, 26] . For the (4s, 4s'->3p, 3p') transitions it is assumed that the corresponding radiative flux is equal to that of the transitions (4p, 4p'->4s, 4s'). The relative flux for the transitions (4p, 4p'->3d, 3d') was estimated to be only 0.55, since the corresponding transition probabilities are small [22] . The fluxes of Table 5 are also indicated in Fig. 1 by full and dashed arrows for the observed and calculated intensities, respectively.
The data of From the data of Table 3 . From the data of Table 4 . Calculated using the relative population given in Table 2 and the known transition probabilities for radiation to the 4s, 4s' states [23] and to the 3d, 3d' states [22] . All the corresponding intensities were observed. The radiative flux for (4s, 4s'-»3p, 3p') is taken to be equal to that for the transitions (4p, 4p'->4s, 4 s'). Fig. 3 indicates and these states can barely contribute to the large rate of population of the 3d, 3d' states. The 3d, 3d' states could be also populated by transitions from the nf, nf manifold. The presence of these excited atoms cannot be detected with the present optical arrangement since they emit too far in the IR region. The lowest of these states, the 4f states lie 796 ±12 cm -1 above the energy of He(2 1 S). This energy range is slightly above the range of endothermicity of the Ne(4d) states (736.5 ±40.5 cm -1 ) and hence the generation of 4f states is not expected to be much more efficient than that of the 4d states. Therefore, we conclude that most of the 3d, 3d' emissions observed must originate in these states by Reaction (1) directly. Thus, the present emission spectroscopy study is in support of crossed beam time-offlight measurements which show that highly exoergic Ne* corresponding to 3d atoms are formed [12] .
Since the contributions to the population of the 3d and 3d' states from upper excited Ne states appear to be small, the fluxes given in Table 4 are likely to represent the relative rates of population of the 3d and 3d' states in Reaction (1). It is therefore interesting to compare the data of Table 4 with the corresponding data for the 4d' and the 4d states (Table 3 ). This comparison reveals that the rates of population of the 4d states are smaller than those for the 3d states and that the rates of population of the 4 d' states are very much smaller than those of the 3d' states. This is probably due to the energetic positions of these states. On the other hand, the distribution of the rate of population in the 3d' states resembles very much that of the 4d' states. The same fact is noticed when comparing the rate of population of the 3d states with that of the 4d states.
The budget of the radiation flux (Table 5) can be checked reasonably well for the 4p, 4p' states and for the 3p, 3p' states which can be considered to be bottlenecks. The data of Table 5 shows that the fluxes to and from the 4p and 4p' states agree within 6.4%. The fluxes to and from the 3p and 3p' states agree within 2% which is well within the error limit of the present work. This radiation budget indicates that within the error limits, no additional excited Ne atoms in the 4 s and 4 s' states are created. Particularly it is well known that metastable triplet He(2 3 S) efficiently excite Ne to the 4s, 4s' states [11] . Hence, no indication of the presence of He(2 3 S) is given from the present spectroscopic data.
The concentration of metastable triplet He(2 3 S) is thought to be low in the present system ([He(2 1 S)] > 10 X [He(2 3 S)]), because of the following reasons: Metastable He(2 3 S) generated in the discharge region can hardly reach the observed volume since it takes about 50 ms for the flow to reach the observed reaction volume. Furthermore, the gases used contained air at a partial pressure of about 5 mTorr (caused by permeation through the plastic tubings and by leaks). The lifetime of He(2 3 S) in the presence of this amount of air is about 60 jus which is a factor of 10 3 smaller than the time to reach the observed volume. Using the split flow arrangement (see Fig. 1 in [8] , dashed arrows) the time to reach the observed volume is further increased without effecting the emission intensities of Ne. Similar arguments are valid for the transport of singlet metastable He(2 1 S) from the discharge. It is therefore most likely that the reactive species are formed downstream photolytically as demonstrated by the results using different positions of the resonator. This process of formation is indicated above by reactions (1) -(3) thus favoring excited singlet species.
In the presence of Ne at 0.1 Torr the lifetimes of He(2 3 S) and of He(2iS) are about 80 p.s and about 5 p,s, respectively. For the slow flow velocity of the present system these lifetimes result in reactions on the spot and about half of the He(2 3 S) is expected to react with Ne. However, no indication of this reaction is observed.
Finally, no resonance fluorescence of He(2 3 S) is observed ( Figure 2) . Addition of Ne and also of N2 and CO decreases the intensity of the 501.6 nm He line and also of other emissions of transitions ending in the metastable He^S) level. However, no decrease of intensity of the 388.9 nm He line and of other emissions of transitions ending in the metastable He(2 3 S) level is observed.
A clcnovrtedgement
We gratefully acknowledge financial support of the Deutsche Forschungsgemeinschaft. We also thank Prof. Dr. H. Haberland for providing us with the Diplomarbeit of W. Konz and with the Dissertation of P. Oesterlin and for bringing to our attention the work of J. Krenos.
